The responses of visual cortical neurons are modulated by stimulus contrast. A typical contrast response function exhibits monotonic increase in response within a limited range of low contrasts, and compression and saturation at high contrast range[@b1][@b2][@b3]. It has been shown that a variety of stimulus selectivities in visual cortex depend on stimulus contrast. For example, direction selectivity changed with stimulus contrast for some neurons in cat areas 17 and 18[@b4][@b5][@b6]. Spatial summation and spatial frequency tuning were contrast-dependent in V1[@b7][@b8][@b9][@b10]. The structure of orientation tuning curves varied with contrast for V1 neurons in ferret and mouse and color-responsive V1 neurons in monkey[@b11][@b12][@b13]. At perceptual level, stimulus contrast affects the judgments of human subjects on many visual tasks, including motion discrimination[@b14][@b15], perceived speed of moving targets[@b16][@b17], perceived spatial frequency[@b18][@b19], orientation and spatial frequency discrimination[@b20][@b21], and the influence of contextual stimuli on orientation discrimination[@b22]. Thus, both physiological and psychophysical studies demonstrated that cortical processing of stimulus features are dependent on stimulus contrast.

The mouse has emerged to be an important animal model to examine the relationship between neural activity and behaviour[@b23]. Although V1 neurons in mouse have low spatial resolution, they are highly selective to stimulus features such as orientation, spatial frequency, temporal frequency, and contrast[@b3][@b24][@b25][@b26][@b27]. A variety of behavioural methods and task designs have been developed to probe mouse vision. Mice can be trained to perform tasks of motion discrimination[@b28], orientation discrimination[@b29][@b30][@b31][@b32], detection of orientation and contrast changes[@b33], and contrast detection[@b34][@b35][@b36]. Recent studies revealed that contrast has dramatic effects on the response amplitudes and orientation tunings in mouse V1[@b3][@b12]; however, few studies examined how stimulus contrast influences the behavioural performance of orientation discrimination in mice and whether the performance of orientation discrimination is adapted to the contrast range in the stimuli. Furthermore, as different task designs may exhibit different degrees of vulnerability to changes in the animal's decision criterion[@b37], it is also important to compare behavioural results between different task designs[@b38].

In this study, we have examined how stimulus contrast influences the performance of orientation discrimination in mice using a 2AFC[@b34] and a go/no-go[@b30] task. We found that the behavioural performance increased with contrast, and the effect was more evident for the 2AFC task. When the stimulus set contained a single high contrast, the performance was better than that at the same high contrast in the multiple contrast condition. By measuring the contrast response functions for preferred and orthogonal orientations in V1, we showed that neural discriminability at high contrast was better in the single than in the multiple contrast condition. Thus, the performance of mice to discriminate two high-contrast orientations is adapted to the contrast range in the stimuli. Such effect may be partly mediated by the dependence of orientation discriminability on the contrast range in V1.

Results
=======

Performance of mouse orientation discrimination at different contrasts
----------------------------------------------------------------------

We used a 2AFC and a go/no-go task design to examine the performance of mouse to discriminate two orthogonal orientations at different contrasts (Methods). For the 2AFC task, freely moving mice were trained in a behaviour chamber, which contained three nose-poking ports on a wall facing an LCD monitor[@b34] ([Fig. 1a](#f1){ref-type="fig"}). Nose poking in the center port would trigger the presentation of two visual stimuli, target and non-target, each on one side of the monitor. The target stimulus was a static grating at vertical orientation and the non-target was one at horizontal orientation. The mouse indicated the target stimulus by poking its nose into the port corresponding to the side where the target was presented. Choosing the correct port was rewarded by water, and choosing the incorrect port was followed by a timeout period.

The training of 2AFC task consisted of five steps (Methods). In an early step, only the target stimulus was presented on the left or right side of the monitor, and the mice were required to choose the port corresponding to the side the target was presented. For this step, mice learned to choose the correct port within 22 ± 4.1 (mean ± s.d.) sessions, during which the correct rate increased from 51.9% ± 4.1% to 82.4% ± 3.9% (mean ± s.d., *n* = 8, *P* = 0.004, one-tail, Wilcoxon signed rank test). In the next step, both target and non-target stimuli were presented on the monitor, and the stimuli were at a single contrast of 100%. For this step, choosing the port at the side the target was presented was counted as a correct trial, and the correct rate of mice could reach 79.1 ± 6.1% (mean ± s.d.) within 3 sessions. We then tested the mice's performance in the multiple contrast condition, in which the stimulus set contained five contrasts ranging from 15% to 100%. Each block included four trials of the same contrast, and the contrasts in different blocks were randomized. [Figure 1b](#f1){ref-type="fig"} shows the performance of an example mouse, whose correct rate increased with contrast in all sessions. For all mice tested, the correct rate clearly increased with contrast (*n* = 8, Spearman's rank correlation coefficient *r* = 1, one-tailed *P* = 0.008; and *P* = 2.4 × 10^−7^ for ANOVA, [Fig. 1c](#f1){ref-type="fig"}), indicating that the mice's performance of orientation discrimination improved with contrast. After measuring the mice's performance with multiple contrasts, we re-measured their performance at a single contrast of 100%. We found that the performance at 100% contrast in the single contrast condition was significantly better than that in the multiple contrast condition (*P* \< 0.01, one-tail, Wilcoxon signed rank test, [Fig. 1d](#f1){ref-type="fig"}). The correct rates at 100% contrast in the single contrast condition measured before and after the multiple contrast condition were both significantly larger than that in the multiple contrast condition (*P* = 0.008 for the earlier single contrast condition, *P* = 0.004 for the later single contrast condition, one-tail, Wilcoxon signed rank test, [Fig. 1d](#f1){ref-type="fig"}), suggesting that the worse performance at high contrast in the multiple contrast condition could not be explained by the length of training. Thus, the performance of orientation discrimination at high contrast depended on the range of contrast in the stimuli.

We also used a go/no-go task[@b30] to examine the orientation discrimination performance for a different group of mice. Head-fixed mice were trained to discriminate between a horizontally oriented grating drifting upward (target) and a vertically oriented grating drifting leftward (non-target) presented to the animal's left eye ([Fig. 2a](#f2){ref-type="fig"}, Methods). The mice indicated the stimulus orientation by licking or withhold licking during the stimulus presentation. During the response window of target presentation, licking was counted as a hit and followed by water reward, whereas no lick was counted as a miss. During the response window of non-target presentation, no lick was counted as a correct rejection, while licking was counted as a false alarm (FA) that was followed by a punishment of air puff to the facial skin. To quantify the behavioural discriminability of target from non-target, we computed a measure of *d*′ using the hit rate (fraction of trials with lick during target presentation) and FA rate (fraction of trials with lick during non-target presentation)[@b39]. Higher *d*′ values indicate better performance in orientation discrimination.

For the go/no-go task, we first measured the mice's performance using stimuli at a single contrast of 100%. It took 13.1 ± 5.6 (mean ± s.d., *n* = 14) sessions for the performance to reach a threshold of *d*′ = 1[@b30][@b31], and *d*′ significantly increased to 2.0 ± 0.6 (mean ± s.d.) after training (*n* = 14, *P* = 6.1 × 10^−5^, one-tail, Wilcoxon signed rank test, [Supplementary Fig. S1](#S1){ref-type="supplementary-material"}). Training also decreased the FA rate and miss rate, and increased the mice's lick efficiency[@b40] (the ratio between the number of licks within the response window and the total number of licks in a target trial) ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}), indicating that the mice understood the task structure.

After the mice learned the go/no-go task using stimuli at a single contrast of 100%, we trained them to perform the task in the multiple contrast condition, in which the stimulus set contained five contrasts ranging from 15% to 100% or from 15% to 80%. Overall, the *d*′ tended to increase with contrast, especially for the first four levels of contrast ([Fig. 2b,c](#f2){ref-type="fig"}). For the go/no-go task, the performance at the highest contrast was worse than that at the second highest contrast (*P* = 0.001 between *d*′ at 100% and 62% contrasts, [Fig. 2d](#f2){ref-type="fig"}; *P* = 4.3 × 10^−4^ between *d*′ at 80% and 53% contrasts, [Fig. 2e](#f2){ref-type="fig"}; one-tail, Wilcoxon signed rank test). For the 2AFC task, in contrast, the performance at 100% contrast was significantly better than that at 62% contrast (*P* = 0.02, one-tail, Wilcoxon signed rank test). Thus, when multiple contrasts were interleaved in the stimuli in a go/no-go task, mice's performance at the highest contrast tended to decrease.

For the go/no-go task, the *d*′ at high contrast (100% or 80%) was significantly higher in the single than in the multiple contrast condition (*P* \< 5 × 10^−3^ at 100% contrast, *P* = 6.1 × 10^−5^ at 80% contrast, one-tail, Wilcoxon signed rank test, [Fig. 2f,g](#f2){ref-type="fig"}). Thus, for both task designs, the performance at high contrast was dependent on the range of contrast in the stimuli.

It has been shown that go/no-go tasks are highly vulnerable to changes in the animal's willingness to respond[@b37]. We thus examined whether the worse performance at the highest contrast in the multiple contrast condition during the go/no-go task is due to a change in response bias. For the mice tested with go/no-go task, the hit rate increased with stimulus contrast (Spearman's rank correlation coefficient *r* = 1, *P* = 0.008, one-tail, [Fig. 3a,b](#f3){ref-type="fig"}), and the FA rate rose prominently only when stimulus contrast reached the highest value of 100% or 80% (*P* = 6.1 × 10^−5^ between 62% and 100% contrasts, *P* = 6.1 × 10^−5^ between 53% and 80% contrasts, one-tail, Wilcoxon signed rank test, [Fig. 3c,d](#f3){ref-type="fig"}). As a result, the response bias (the number of hits and FAs divided by the total number of stimuli) also increased from the second highest to the highest contrast (*P* \< 2 × 10^−4^, one-tail, Wilcoxon signed rank test, [Fig. 3e,f](#f3){ref-type="fig"}). While the hit rate at high contrast was above 90% in both the multiple and the single contrast conditions, the FA rate and response bias at high contrast increased substantially in the multiple contrast condition as compared with the single contrast condition ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}). Thus, the worse performance at the highest contrast in the multiple contrast condition during the go/no-go task was largely due to the increase in response bias.

Contrast-dependent orientation discrimination in V1
---------------------------------------------------

To examine whether the mice's performance of orientation discrimination at high contrast can be explained by the response properties in V1, we measured the responses of V1 neurons using drifting grating stimuli at different orientations and contrasts (Methods). Similar to the behavioural experiments, the physiological experiments included stimulation conditions of multiple contrasts (ranging from 15% to 100%, or from 15% to 80%) and a single contrast (100% or 80%).

[Figure 4a](#f4){ref-type="fig"} shows the spike rasters of an example neuron in response to grating stimuli at different orientations and contrasts. For each contrast, we compared the responses to the preferred and orthogonal orientations (orthogonal orientation = preferred orientation + 90^°^) by computing a P-O difference defined as R~p~ - R~o~, where R~p~ and R~o~ represent the responses to preferred and orthogonal orientations, respectively ([Fig. 4b,c](#f4){ref-type="fig"}, Methods). With the increase in contrast, the P-O difference exhibited a monotonic increasing profile for some and a non-monotonic profile (i.e., the maximal P-O difference is not at the highest contrast) for other neurons. By analogy to previous studies in cat and monkey visual cortex[@b5][@b41], for each neuron we quantified the dependence of P-O difference on contrast using a monotonicity index (MI, Methods). A curve with MI = 1 was defined as monotonic with contrast and MI \< 1 as non-monotonic[@b5]. We found that MI was 1 for the majority of neurons ([Fig. 5a](#f5){ref-type="fig"}) and the P-O difference averaged over the population increased monotonically with contrast (*n* = 237 and 148 for the two types of multiple contrast conditions, [Fig. 5b](#f5){ref-type="fig"}). Thus, the response difference between preferred and orthogonal orientations increased with stimulus contrast in V1.

Neuronal discriminability can be influenced by the variance as well as the mean of the responses[@b42]. Previous studies estimated the capacity of cortical neurons to discriminate visual stimuli by computing a neurometric function[@b42][@b43][@b44] based on signal detection theory[@b39]. By a similar approach, we used the response distributions for preferred and orthogonal orientations at each contrast to construct a receiver operating characteristic (ROC) curve, in which the probability of the response to the preferred orientation exceeded a given criterion was plotted against that to the orthogonal orientation ([Fig. 6](#f6){ref-type="fig"}). The area under the ROC curve (ROC area) is a nonparamatric measure of the probability that an ideal observer can correctly perform stimulus discrimination[@b39][@b44]. For the example cell shown in [Fig. 6a](#f6){ref-type="fig"}, the distributions of responses to preferred and orthogonal orientations were more separated at higher contrast, leading to contrast-dependent increase in the ROC area ([Fig. 6b,c](#f6){ref-type="fig"}). In [Fig. 6d](#f6){ref-type="fig"}, the response distributions of the neuron were most separated at the second highest contrast so that the neurometric performance exhibited a non-monotonic dependence on contrast ([Fig. 6e,f](#f6){ref-type="fig"}). We found that V1 neurons exhibited a variety shape of neurometric functions ([Supplementary Fig. S3](#S1){ref-type="supplementary-material"}). For each neurometric function, we computed the contrast at which the ROC area reached the peak. [Figure 7a](#f7){ref-type="fig"} shows the distribution of this peak contrast, the majority of which was at the highest contrast in the stimuli. The mean values of the maximum ROC area for those cells whose peak contrasts were at the highest contrast and those cells whose peak contrasts were at lower contrasts were both larger than 0.85 ([Supplementary Fig. S4](#S1){ref-type="supplementary-material"}). Over the population, the ROC area increased monotonically with stimulus contrast (*n* = 237 and 148 for the two types of multiple contrast conditions, [Fig. 7b](#f7){ref-type="fig"}). Taken together, the results indicated that the capacity of V1 neurons to discriminate two orthogonal orientations increased with stimulus contrast.

The behavioural experiments showed that the performance at high contrast could be adapted to the range of contrast in the stimuli ([Fig. 1d](#f1){ref-type="fig"}). Is the capacity of V1 neurons to discriminate two high-contrast orientations also adapted to the contrast range in the stimuli? To address this issue, we compared the ROC area at high contrast (100% or 80%) between the single and the multiple contrast conditions (Methods). We found that the ROC area at 100% or 80% contrast was significantly larger in the single than in the multiple contrast condition (anaesthetized mice: *P* = 0.01 and *n* = 87 for 100% contrast in [Fig. 8a](#f8){ref-type="fig"}, *P* = 0.005 and *n* = 92 for 80% contrast in [Fig. 8e](#f8){ref-type="fig"}; awake mice: *P* = 0.02 and *n* = 17 for 100% contrast in [Fig. 8i](#f8){ref-type="fig"}, Wilcoxon signed rank test). According to the signal detection theory, neural discriminability of two stimuli can be quantified by the difference of mean responses to the two stimuli divided by the square root of the mean response variance[@b39][@b45]. Larger difference between the means or smaller response variance could lead to smaller overlap between the distributions of responses to the two stimuli, resulting in higher discriminability. For anaesthetized mice, the response difference between preferred and orthogonal orientations at high contrast was not significantly different between the single and the multiple contrast conditions (*P* = 0.15 and *n* = 87 for 100% contrast, *P* = 0.65 and *n* = 92 for 80% contrast, [Fig. 8b,f](#f8){ref-type="fig"}, Wilcoxon signed rank test); for awake mice, the response difference was larger in the single contrast condition (*P* = 0.05 and *n* = 17 for 100% contrast, [Fig. 8j](#f8){ref-type="fig"}, Wilcoxon signed rank test). For both anaesthetized and awake mice, however, the response variance was significantly smaller in the single than in the multiple contrast condition (anaesthetized mice: *P* \< 0.01, *n* = 87 and 92 for 100% and 80% contrast; awake mice: *P* \< 0.06, *n* = 17 for 100% contrast, [Fig. 8c,d,g,h,k,l](#f8){ref-type="fig"}, Wilcoxon signed rank test). The Fano factor, defined as the ratio of spike count variance to mean spike count, was not significantly different between the single and the multiple contrast conditions ([Supplementary Fig. S5](#S1){ref-type="supplementary-material"}). Further analysis showed that, in anaesthetized mice, the mean firing rate to high contrast stimuli (100% or 80%) was lower in the single than in the multiple contrast condition (*P* = 8.4 × 10^−10^ and *n* = 87 for 100% contrast, *P* = 1.2 × 10^−5^ and *n* = 92 for 80% contrast, Wilcoxon signed rank test, [Supplementary Fig. S6](#S1){ref-type="supplementary-material"}), suggesting that the adaptation effect is stronger in the single contrast condition. Thus, better neural discrimination of high-contrast oriented stimuli in the single contrast condition could be attributed to smaller response variance caused by stronger adaptation effect.

Discussion
==========

We examined the influence of contrast on the behavioural performance of mice to discriminate two orthogonal orientations using two task designs. In the 2AFC task, the performance increased with stimulus contrast. For both task designs, the performance at high contrast was better when the oriented stimuli were at a single contrast than at multiple contrasts. Physiological experiments showed that the ability of V1 neurons to discriminate two high-contrast orthogonal orientations was also higher in the single than in the multiple contrast condition, largely due to smaller response variance in the single contrast condition.

Previous psychophysical studies on human subjects showed that the performance of direction discrimination was dependent on stimulus contrast[@b14][@b15]. For orientation discrimination, although it has been shown that the discrimination threshold (i.e., the smallest orientation difference that can be discriminated) decreased with contrast[@b20][@b21], there are few reports on how stimulus contrast affects the performance in discriminating two stimuli with a fixed orientation difference[@b32] and whether the performance can be adapted to the range of contrast in the stimuli. Using a 2AFC task, we showed that the performance of mice to discriminate two orthogonal orientations increased with contrast. During a go/no-go task, when multiple contrasts were interleaved in the stimuli, the performance at the highest contrast tended to decrease, which was associated with an increase in the response bias. This result is likely due to the possibility that the low contrast stimuli in the multiple contrast condition may cause the animals to lower their threshold to respond[@b37]. Since the learning of go/no-go task was mainly due to decrease in FA rate ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}), worse performance at high contrast in the go/no-go task may be explained not only by an increase in the response bias, but also by a general inability of the mice to withhold their responses. For the go/no-go task, the performance at the highest contrast in the multiple contrast condition could rapidly improve when the stimuli in previous trials were at the same high contrast ([Supplementary Fig. S7](#S1){ref-type="supplementary-material"}), suggesting that the animal's internal threshold to respond can rapidly adapt to the temporal context of stimulus contrast. Our results are also consistent with the notion that go/no-go tasks are vulnerable to changes in the animal's response criterion[@b37]. In the 2AFC task design, both the target and the non-target stimuli were presented at the same time, and the animal was given two choices of responses at two locations. Since the animal must respond on every trial and was forced to indicate the presence of target in one location and non-target in another location, the 2AFC task design was not affected by the animal's willingness to respond or response criterion[@b37]. Thus, behavioural results of the 2AFC task truly reflect the influence of stimulus contrast on orientation discrimination. Our results also point to the importance of task design for behavioural study of mouse vision.

We found that the response difference between preferred and orthogonal orientations in mouse V1 was also contrast dependent. The response difference averaged over all neurons increased with contrast, consistent with recent reports in ferret V1 and in layer 4 of mouse V1[@b11][@b12]. The ROC analysis also showed that the majority of V1 neurons exhibited monotonic neurometric functions, whose maximum ROC area was at the highest contrast. Thus, the contrast-dependent orientation discriminability of V1 neurons may contribute to the contrast-dependent behavioural performance observed in the 2AFC task.

When the stimulus set contained only a single high contrast, the behavioural performance of orientation discrimination was significantly better than that in the multiple contrast condition. Although the effect observed in the go/no-go task may be due to increase in the response bias in the multiple contrast condition ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}), the effect observed in the 2AFC task can not be explained by changes in the animal's internal response criterion. Reminiscent of the behavioural results ([Fig. 1d](#f1){ref-type="fig"}), the orientation discriminability of V1 neurons at high contrast was significantly higher in the single than in the multiple contrast condition ([Fig. 8a,e,i](#f8){ref-type="fig"}). Thus, the contrast-range dependent capacity of V1 neurons to discriminate high-contrast orientations may partly explain the behavioural result that performance at high contrast was better in the single than in the multiple contrast condition for the 2AFC task.

Previous studies have demonstrated that the contrast response functions of cortical neurons can be adjusted to match the prevailing mean contrast level in the environment[@b46][@b47][@b48][@b49][@b50]. At different levels of contrast adaptation, the contrast response curves of cortical neurons span the same response range but shift along the log-contrast axis. Such contrast gain control allows cortical neurons to use their limited response range to encode a large contrast range. Furthermore, adaptation to higher contrast causes larger decrease in the response[@b49], and the reduced response is associated with reduced response variance[@b45]. In our study, we found that the variance of V1 responses to preferred or orthogonal orientation at high contrast (80% or 100%) was substantially smaller in the single than in the multiple contrast condition, whereas the response difference between preferred and orthogonal orientations was similar in the two conditions ([Fig. 8](#f8){ref-type="fig"}). The smaller response variance in the single contrast condition could be due to stronger adaptation effect in the single than in the multiple contrast condition ([Supplementary Fig. S6](#S1){ref-type="supplementary-material"}). Since neural discriminability can be quantified by the difference of mean responses to two stimuli divided by the square root of the mean response variance[@b39][@b45], the decrease in response variance can presumably cause decrease in the overlap between the distributions of responses to the two orthogonal orientations, leading to a higher degree of orientation discriminability in the single contrast condition.

Methods
=======

All procedures complied with the guidelines of the Animal Advisory Committee at the Shanghai Institutes for Biological Sciences, and the protocol was approved by the Animal Care and Use Committee at the Institute of Neuroscience, Chinese Academy of Sciences.

Animals and surgery
-------------------

For headplate implant, mice (C57BL/6) were anaesthetized with an intraperitoneal injection of the mixture of ketamine (200 mg/kg) and xylazine (10 mg/kg). The animal was head-fixed in a stereotaxic apparatus. Body temperature was maintained at 37 °C with a heating blanket. A thin layer of tissue adhesive (Vetbond, 3 M) was applied to the skull and a stainless-steel headplate was cemented to the skull with dental acrylic. Antiphlogistic drug (ceftriaxone sodium, 2 mg/kg, intramuscular injection) was administered. Mice were allowed to recover with food and water *ad libitum* at least one week before behavioural training of the go/no-go task.

We recorded from the monocular zone of V1 in both anaesthetized and awake mice (C57BL/6). Details for surgery are described in the [Supplementary Note](#S1){ref-type="supplementary-material"}.

Behaviour
---------

Mice were restricted from free access to water before the behaviour training. Eight and fourteen mice (C57BL/6, male) were used in the 2AFC and go/no-go task, respectively.

The 2AFC behavioural experiments were conducted in a custom-designed chamber (36 × 17 × 29 cm, L × W × H), with three ports positioned along the front wall facing an LCD monitor[@b34]. The chamber was separated into three connected areas by two dividers. Nose-poke into each port was detected by the interruption of an infrared beam. Mice were trained to perform the task using the following steps[@b51]. In step 1 (2--3 d), the center port was blocked, and mice were rewarded with water (10 μl) by poking their noses into the two side ports in an alternating manner. The delivery of water was controlled by a solenoid valve (SMC). In step 2 (6--8 d), with the right port blocked by a barrier, mice initiated the presentation of target stimulus (a vertically oriented static grating) on the left side of the monitor by a nose poke into the center port, and learned to receive water reward from the left port. After mice receiving ∼1.5 ml of water within one session, the barrier was changed to the left port. Poking into the center port triggered the presentation of target stimulus on the right side, and mice learned to receive water reward from the right port. In step 3 (∼three weeks), with all ports open, mice initiated a trial by poking the center port, and the target stimulus was presented on one side of the monitor (the non-target was not presented). Choosing the port at the side the target was presented was rewarded by water (4--5 μl), and choosing the incorrect port was followed by a timeout period (8 s). The stimulus disappeared after the mice made the choice. Mice advanced to the next step after reaching a correct rate of ∼80% for three consecutive sessions. In step 4 (2--3 d), the target and the non-target stimulus (a horizontally oriented static grating), both at 100% contrast, were presented on two sides of the monitor, and mice learned to choose the port at the side the target was presented. In step 5, we gradually changed the single contrast used in step 4 to multiple contrasts by adding one or two contrasts at a time until a total of five contrasts (ranging from 15% to100% in log step) were used for stimulus set in the same session.

For the go/no-go task, mice went through the following steps of training. In step 1 (a week), mice were handled daily for ∼5 min, after which ∼1 ml of water was given. In step 2 (2--4 d), the head-fixed mouse sat in a circular plastic tube and learned to lick from a lickspout close to the mouth. In step 3 (2--6 d), mice were trained to associate licking with the presentation of target stimulus (a horizontally oriented grating drifting upward for 3 s). The period 1 to 3 s after stimulus onset was the response window, during which licking resulted in an immediate water reward of 5--7 μl. In step 4, mice were trained to discriminate between the target and the non-target stimulus (vertically oriented grating drifting leftward). The duration of each stimulus was 3 s. A blank gray screen (30 cd/m^2^) was presented during the inter-stimulus interval (ISI) at a default value of 4 s. Licking during the response window of target presentation resulted in water reward. Licking during the response window of non-target presentation was punished by a brief and mild air puff to the cheek. During ISI, licking within the first 1 s was not punished, but licking afterwards triggered the air puff and led to the immediate start of a timeout period, which was another 4-s ISI. When there was no lick during the ISI or the accumulated ISI exceeded 20 s, ISI stopped and another trial of target or non-target stimulus was presented. Mice were first trained with stimuli at a single contrast of 100% until *d*′* *\> 1 for at least three consecutive sessions. We next gradually changed the single contrast to multiple contrasts by adding one or two contrasts at a time until a total of five contrasts (ranging from 15% to 100%, or from 15% to 80% in log step) were used for stimulus set in the same session.

In the multiple contrast condition, each block included four trials of the same contrast (see [Supplementary Note](#S1){ref-type="supplementary-material"} for details). The performance in the multiple contrast condition was measured for 3--4 sessions (2AFC task) or 5--12 sessions (go/no-go task). After measuring the mice's performance with multiple contrasts, we re-measured their performance at a single contrast of 100% or 80% for 2--3 sessions (2AFC task) or 5--7 sessions (go/no-go task).

Visual stimulation
------------------

For the 2AFC task, visual stimuli (static sinusoidal grating, 46° × 46°, 0.039 cycle/°, assuming that the mouse was at the port facing the stimulus) were presented on a 17′′ LCD monitor (Dell E1713S, mean luminance 30 cd/m^2^, refresh rate 60 Hz). For the go/no-go task, visual stimuli (drifting sinusoidal grating, 74° × 74°, 0.025 cycle/°, 1.5 Hz) were presented on a 19′′ CRT monitor (ViewSonic P225f, minimum, mean, and maximum luminance were 0.09, 30, and 58.9 cd/m^2^, respectively, refresh rate 60 Hz) placed 25 cm away from the animal's left eye. Gamma correction was used to calibrate the monitors.

For electrophysiological recordings, visual stimuli (53° × 53° for anaesthetized mice and 66° × 66° for awake mice, sinusoidal grating, 0.025 cycle/°, 1.5 Hz) covering the receptive fields of all recorded units were presented to the contralateral eye on the same CRF monitor described above. For the multiple contrast condition, drifting gratings at 12 orientations (spaced at 30°) and 5 contrast levels were presented in a random sequence. The 5 contrast levels were \[15%, 23%, 35%, 53%, 80%\] or \[15%, 24% 39%, 62%, 100%\], similar to those in the behavioural experiments. For the single contrast condition, drifting gratings (contrast at 100% or 80%) at 12 orientations (spaced at 30°) were presented in a random sequence. Each orientation and each contrast was presented for 10 trials. Each trial started with 0.5 s of gray screen (30 cd/m^2^), followed by 0.3 s of the first frame of grating and 2 s of the drifting grating.

Electrophysiology
-----------------

Recordings were made with multi-site silicon probes (A1 × 16--3 mm-50-177 or A2 × 2-tet-3 mm-150-150-121, NeuroNexus Technologies) (see [Supplementary Note](#S1){ref-type="supplementary-material"} for details).

Analysis of behavior
--------------------

To quantify the correct rate for each contrast in the 2AFC task, we calculated the percentage of rightward choices for those trials in which the target was presented on the right side and the percentage of leftward choices for those trials in which the target was presented on the left side, and averaged the two percentages. For the single contrast condition or the multiple contrast condition, we averaged the correct rates of all sessions for each mouse.

For the go/no-go task, hit rate was defined as the ratio between the number of hits and the total number of targets. False alarm (FA) rate was defined as the ratio between the number of FAs and the total number of non-targets. Miss rate was defined as the ratio between the number of misses and the total number of targets. Response bias was quantified as: (number of hits + number of FAs)/(total number of stimuli). Discriminability (*d*′) was given by *d*′ = norminv(hit rate)---norminv(false alarm rate), where norminv() is the inverse function of the cumulative Gaussian distribution[@b39]. For the initial training with a single contrast of 100%, discriminability before training was computed as *d*′ averaged over the first 3 sessions, and discriminability after training was computed as *d*′ averaged over the last 3 sessions. For the multiple contrast condition or the single contrast condition measured after the multiple contrast condition, discriminability was computed as *d*′ averaged over the last 3 sessions. Lick efficiency was defined as the ratio between the number of licks within the response window and the total number of licks in a target trial[@b40].

Analysis of neuronal responses
------------------------------

Responses during the 2 s presentation of grating were averaged for each orientation and contrast. The spontaneous response was computed as the mean firing rate during the last 0.3 s of the gray screen presented before all trials of grating stimuli. For the multiple contrast condition, we first identified the stimulus at which the response was maximum, then extracted the responses to different orientations at the contrast of this stimulus and fitted the orientation tuning with the sum of two Gaussian functions:

where *R*(*θ*) is the response at orientation *θ*, and *A*~0~, *A*~1~, *A*~2~, *θ*~0~, and are free parameters. Orientation tuning measured in the single contrast condition was also fitted with the same function. The fitting error was computed as[@b31]:

where and are the measured and fitted responses, respectively, and is the measured response averaged over all orientations. We also quantified the degree of orientation selectivity with a global measure of orientation selectivity index (OSI)[@b52][@b53]:

where is the angle of the direction of the drifting grating and is the response at angle . Only cells whose evoked responses were significantly larger than the spontaneous responses (determined by a Kruskal-Wallis test, *P* \< 0.01), OSI \> 0.08[@b54], and fitting error \< 0.5[@b31] were included in the analysis. The cells included in the analysis were from 30 anaesthetized and 38 awake mice (see [Supplementary Note](#S1){ref-type="supplementary-material"} for details).

The preferred orientation was defined as the orientation at which the response was maximum. We computed the response difference between preferred and orthogonal orientations (preferred orientation + 90°) for each contrast level. To quantify the degree of monotonic dependence of response difference on contrast, we computed a dimensionless monotonicity index (MI)[@b5]:

where *R*~max_contrast~ is the response difference at the maximal contrast tested, and are the maximal and minimal response difference.

Neurometric functions are computed using the distributions of single-trial responses to preferred and orthogonal orientations[@b44] (see [Supplementary Note](#S1){ref-type="supplementary-material"} for details).
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![Dependence of orientation discrimination performance on contrast in the 2AFC task.\
(**a**) Schematic illustration of the behavioural apparatus. (**b**) Performance in the multiple contrast condition for an example mouse. Each color represents one session. (**c**) Correct rate at each contrast in the multiple contrast condition. Spearman's rank correlation coefficient *r* = 1, one-tailed *P* = 0.008; *P* = 2.4 × 10^−7^ for ANOVA. Error bars, s.d., *n* = 8 mice. (**d**) Comparison of performance at 100% contrast between the single contrast condition and the multiple contrast condition. Dashed line, the diagonal line. Red (black) circles represent the earlier (later) single contrast condition tested before (after) the multiple contrast condition. *P* = 0.008 for red data points, *P* = 0.004 for black data points, one-tail, Wilcoxon signed rank test.](srep15830-f1){#f1}

![Dependence of orientation discrimination performance on contrast in the go/no-go task.\
(**a**) Left, schematic illustration of the behavioural apparatus. Right, The timing of trial events and behavioural outcomes. Gray bar from 0 to 3 s indicates the duration of visual stimuli, black bar indicates the response window, and blue bar indicates the inter-stimulus interval. FA, false alarm. CR, correct rejection. (**b**) Discriminability in the multiple contrast condition in which the contrasts ranged from 15% to 100% (*P* = 0.15, ANOVA). (**c**) Discriminability in the multiple contrast condition in which the contrasts ranged from 15% to 80% (*P* \< 0.05, ANOVA). Error bars, s.d., *n* = 14 mice. (**d**) Comparison of discriminability between 62% and 100% contrasts for the multiple contrast condition in which the contrasts ranged from 15% to 100%. Dashed line, the diagonal line. *P* = 0.001, one-tail, Wilcoxon signed rank test. (**e**) Comparison of discriminability between 53% and 80% contrasts for the multiple contrast condition in which the contrasts ranged from 15% to 80%. *P* = 4.3 × 10^−4^, one-tail, Wilcoxon signed rank test. (**f**) Comparison of discriminability at 100% contrast between the single contrast condition and the multiple contrast condition. Red (black) circles represent the earlier (later) single contrast condition tested before (after) the multiple contrast condition. *P* = 6.1 × 10^−4^ for red data points, *P* = 6.1 × 10^−5^ for black data points, one-tail, Wilcoxon signed rank test. (**g**) Comparison of discriminability at 80% contrast between the single contrast condition and the multiple contrast condition. The single contrast condition was measured after the multiple contrast condition. *P* = 6.1 × 10^−5^, one-tail, Wilcoxon signed rank test.](srep15830-f2){#f2}

![Hit rate, FA rate, and response bias in the multiple contrast condition during the go/no-go task.\
(**a**,**b**) Hit rate increased with contrast. Spearman's rank correlation coefficient *r* = 1, *P* = 0.008. Upper panel, the contrasts ranged from 15% to 100%; lower panel, the contrasts ranged from 15% to 80%. (**c**,**d**) FA rate increased with stimulus contrast (*P* \< 0.05, ANOVA). (**e**,**f**) Response bias increased with stimulus contrast. Spearman's rank correlation coefficient *r* = 1, *P* = 0.008. Error bars, s.d., *n* = 14 mice. \*\*\**P* \< 0.001, Wilcoxon signed rank test.](srep15830-f3){#f3}

![Responses of example V1 neurons to oriented gratings at different contrasts.\
(**a**) Spike rasters of an example neuron in response to drifting gratings at different orientations and contrasts. (**b**) Responses to preferred and orthogonal orientations for the cell in (**a**). Red, contrast response function for preferred orientation. Blue, contrast response function for orthogonal orientation. Magenta, response difference between preferred and orthogonal orientations as a function of contrast. (**c**) Same as described in (**b**) for another example cell. Error bars, s.e.m.](srep15830-f4){#f4}

![Dependence of P-O response difference on contrast for V1 neurons.\
(**a**) Upper: distribution of monotonicity index for the responses measured with contrasts ranging from 15% to 100% (*n* = 237, including 188 neurons from anaesthetized mice and 49 neurons from awake mice). Lower: distribution of monotonicity index for the responses measured with contrasts ranging from 15% to 80% (*n* = 148 neurons from anaesthetized mice). (**b**) Response difference between preferred and orthogonal orientations averaged over all neurons. Upper: contrast range of 15% to 100%, Spearman's rank correlation coefficient *r* = 1, *P* = 0.008, *n* = 237. Lower: contrast range of 15% to 80%, Spearman's rank correlation coefficient *r* = 1, *P* = 0.008, *n* = 148. Error bars, s.e.m.](srep15830-f5){#f5}

![ROC analysis and neurometric function.\
(**a**) Distribution of responses from an example neuron in response to preferred (red bars) and orthogonal (blue bars) orientations at five contrast levels. (**b**) Receiver operating characteristic (ROC) curves for the responses to the five contrasts shown in (**a**). For each ROC curve, the probability that the response to the preferred orientation exceeds a given criterion value is plotted against that to the orthogonal orientation. (**c**) Neurometric function for the responses shown in (**a**). The ROC area for each contrast was computed from the corresponding ROC curve. (**d**--**f**), same as described in (**a**--**c**) for another example neuron.](srep15830-f6){#f6}

![Analysis of neurometric functions of V1 neurons.\
(**a**) Distributions of the contrast at which the ROC area was maximum. Upper: the responses were measured using contrasts ranging from 15% to 100%, *n* = 237. Lower: the responses were measured with contrasts ranging from 15% to 80%, *n* = 148. (**b**) ROC area versus contrast, averaged over all neurons. Upper: the responses were measured using contrasts ranging from 15% to 100%, Spearman's rank correlation coefficient *r* = 1, *P* = 0.008, *n* = 237. Lower: the responses were measured with contrasts ranging from 15% to 80%, Spearman's rank correlation coefficient *r* = 1, *P* = 0.008, *n* = 148. Error bars, s.e.m.](srep15830-f7){#f7}

![Comparison of ROC area and neural responses to high contrast stimuli between the single and the multiple contrast conditions.\
(**a**) ROC area at 100% contrast was significantly higher in the single than in the multiple contrast condition in anaesthetized mice. *P* = 0.01, *n* = 87, Wilcoxon signed rank test. (**b**) Response difference between preferred and orthogonal orientations at 100% contrast for the single and the multiple contrast conditions in anaesthetized mice. Spike count in each trial was computed as the number of spikes during the 2 s of the drifting grating. *P* = 0.15, *n* = 87, Wilcoxon signed rank test. (**c**,**d**) Response variance to preferred (P) or orthogonal (O) orientation at 100% contrast was significantly smaller in the single than in the multiple contrast condition in anaesthetized mice. *P* = 0.002 and 4.4 × 10^−7^, respectively, *n* = 87, Wilcoxon signed rank test. (**e**--**h**) Results for responses measured at 80% contrast in anaesthetized mice, similar as those described in (**a**--**d**). *n* = 92. (**i**--**l**) Results for responses measured at 100% contrast in awake mice, similar as those described in (**a**--**d**). *n* = 17. Error bars, s.e.m., \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, Wilcoxon signed rank test.](srep15830-f8){#f8}
